Objective: The objective of this study was to investigate fatigue and cognitive impairments in systemic lupus erythematous (SLE) in relation to diffuse white matter microstructural brain damage. Methods: Diffusion tensor MRI, used to generate biomarkers of brain white matter microstructural integrity, was obtained in patients with SLE and age-matched controls. Fatigue and cognitive function were assessed and related to SLE activity, clinical data and plasma biomarkers of inflammation and endothelial dysfunction. Results: Fifty-one patients with SLE (mean age 48.8 AE 14.3 years) were included. Mean diffusivity (MD) was significantly higher in all white matter fibre tracts in SLE patients versus age-matched healthy controls (p < 0.0001). Fatigue in SLE was higher than a normal reference range (p < 0.0001) and associated with lower MD (ß ¼ À0.61, p ¼ 0.02), depression (ß ¼ 0.17, p ¼ 0.001), anxiety (ß ¼ 0.13, p ¼ 0.006) and higher body mass index (ß ¼ 0.10, p ¼ 0.004) in adjusted analyses. Poorer cognitive function was associated with longer SLE disease duration (p ¼ 0.003) and higher MD (p ¼ 0.03) and, in adjusted analysis, higher levels of IL-6 (ß ¼ À0.15, p ¼ 0.02) but not with MD. Meta-analysis (10 studies, n ¼ 261, including the present study) confirmed that patients with SLE have higher MD than controls. Conclusion: Patients with SLE have more microstructural brain white matter damage for age than the general population, but this does not explain increased fatigue or lower cognition in SLE. The association between raised IL-6 and worse current cognitive function in SLE should be explored in larger datasets. Lupus (2017) 26, 588-597.
Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease. It is associated with increased risk of stroke 1, 2 and cognitive decline has been reported. 3 Fatigue is a common 4 but unexplained feature of SLE which increases distress and lost work days and has been associated with increased burden of brain white matter hyperintensities (WMH), 5 suggestive of cerebral small vessel disease (SVD). 6 Diffusion tensor MRI (DT-MRI) can map the brain's white matter tracts (bundles of individual white matter fibres) and provide biomarkers for microstructural integrity. Water molecules preferentially diffuse along the principal fibre direction in healthy white matter, while loss of structural integrity, which has a deleterious effect on brain function, increases free water movement. The magnitude and directionality of water molecule diffusion can be quantified within segmented tracts using mean diffusivity (MD) and fractional anisotropy (FA), 7 with low MD and high FA indicating structurally intact white matter.
Nine small (average n ¼ 24 patients) studies [8] [9] [10] [11] [12] [13] [14] [15] [16] show microstructural tract damage in SLE and neuropsychiatric SLE (NPSLE) versus healthy controls. However, none of these studies has investigated whether sub-visible DT-MRI-detected brain damage associates with fatigue or cognitive function. Our aims were: (1) compare water diffusion values in major white matter tracts in SLE patients with age-matched healthy controls, (2) identify if fatigue or cognitive function in SLE were related to DT-MRI parameters, SLE disease activity or plasma biomarkers of inflammation and endothelial dysfunction and (3) to consider the totality of the data on DTI-MRI in SLE by meta-analysing the current and all prior studies.
Methods

Subjects
From April to December 2014, patients with SLE were prospectively recruited into a neuroimaging study and underwent DT-MRI to quantify white matter tract integrity. We invited patients consecutively as they attended clinic, of whom 31/51 (60.7%) were already members of the prospective Scottish Lupus Exchange registry project (UK Clinical Trials ID 15489). All patients were seen by a consultant rheumatologist. SLE was diagnosed according to updated American College of Rheumatology 1997 criteria. 17 We excluded patients with concurrent infection. The project received research ethics committee approval (South East Scotland REC 01, 14/SS/0003) and all participants gave written informed consent. We compared DT-MRI biomarkers in the SLE group with control data obtained from a group of consenting healthy volunteers scanned on the same scanner with the same sequences under a study approved by the Lothian Research Ethics Committees (REC 05/S1104/45).
Fatigue
We assessed fatigue using the Fatigue Severity Scale (FSS) 18 with higher scores indicating more severe fatigue. The mean (AE SD) from normal healthy adults in the standardisation sample was 2.3 (AE 0.7). 18 
Cognitive assessments
We used Hospital Anxiety and Depression Scale (HADS), 19 
Montreal
Cognitive Assessment (MoCA), 20 Addenbrooke's Cognitive Examination -Revised (ACER) 21 and Mini Mental State Examination (MMSE) 22 to assess anxiety, depression and cognitive function, while the National Adult Reading Test (NART) 23 was used to adjust for premorbid intelligence. The NART is a validated 24 estimate of childhood peak premorbid intelligence as it appears broadly resilient to age-related cognitive decline.
Clinical data
Medical history including cardiovascular risk factors such as smoking status, prior cerebrovascular events, hypertension and diabetes were recorded together with height, weight and body mass index (BMI).
Disease activity
Current SLE disease activity was assessed using the Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2K) 25 and British Isles Lupus Assessment Group 2004 (BILAG) 26 tools. Accumulated permanent damage was assessed with the Systemic Lupus International Collaborating Clinics (SLICC) 27, 28 tool.
MRI
All subjects were scanned at 1.5T with an 8-channel phased-array head coil (GE, Milwaukee, WI 
Tractography
Tractography analysis was performed blind to all other data. Major white matter tracts were identified using probabilistic neighbourhood tractography (PNT), an automatic tract segmentation method based on modelling tract topology, as implemented in the TractoR package for fibre tracking analysis (http://www.tractor-mri.org.uk). Further details are provided in Supplementary Material.
Plasma markers
All participants had blood drawn on the day of MRI scanning. We measured the pro-inflammatory cytokine interleukin-6 (IL-6), endothelial and M (IgM)). We also had access to blood data from recent clinic visits (most within one month; all within six months) including SLE disease activity (C3, C4 and antidouble stranded DNA) and routine inflammatory markers (C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR)). In addition, interferon beta (IFN) signatures were measured by analysis of messenger ribonucleic acid in a subset of 25 (49%) patients.
Statistical analysis
Data distributions were checked graphically for normality and presented as means (AE SD) or medians (Q1-Q3) as appropriate. Principal components analysis (PCA) was used to create a 'general factor' of MD and FA representing all tracts ('tractaveraged') from the individual tracts. PCA is a data reduction technique that extracts a latent variable calculated from several measured variables. Tract-averaged MD and FA were compared between SLE patients and healthy controls using Student's t test. Mean fatigue in patients was compared with a normal reference range 18 using the Welch two-sample t test. Linear regression was used to examine the association between fatigue and other variables by univariate analyses. Multiple linear regression was used to adjust for age alone, then age þ disease duration þ steroids. PCA was used to create a general factor of cognitive function (g) 29 from the three cognitive tools (MoCA, ACER, MMSE). Linear regression was used to examine the association between g and other variables, and included use of NART to adjust for a person's prior (peak) cognitive function before the deleterious effect of age and SLE disease duration, if any, and any impact from current steroid use. For all regression models, we checked multicollinearity, independence, constancy of variance and normality in the residuals. A p value of < 0.05 was considered significant. In the interests of transparency, we report results from all analyses regardless of the p value as this aids interpretation of the entire study and we did not adjust the p values for multiple comparisons. 30 All analyses were performed with the statistical programming language R version 3.0.1 (http://www.r-project.org/). 31 
Literature review and meta-analysis
We searched MEDLINE and EMBASE (from 1990) on 15 January 2015 using the terms 'diffusion-tensor imaging' and 'diffusion-weighted imaging' in conjunction with the terms 'lupus', 'systemic lupus erythematosus' and 'neuropsychiatric systemic lupus erythematosus'. Acronyms and different combinations of the main search terms were also used. We checked reference lists of relevant papers for additional studies. We extracted data on study population (demographics, sample size, disease duration), imaging parameters, part of the brain measured (whole brain, specific tracts) and the reported diffusion measures. Standardised mean differences were calculated using the Cochrane Collaboration's Review Manager 5 software and used to compare DT-MRI findings in the meta-analysis.
Results
Subjects
Fifty-one patients with SLE were recruited with mean age 48.8 AE 14.3 years (range 20 to 76 years), including 47 women (92%) which is consistent with community prevalence. Clinical, fatigue and cognitive data are given in Table 1 . MD, FA and NART scores were available for 51 age-and sexmatched healthy controls of mean age 44.9 AE 11.1 years, including 39 women (76%). A third of patients (18/51 (35%)) were currently prescribed corticosteroids.
General factors for MD and FA
DT-MRI failed in four patients so the following analyses are based on 47 patients. In SLE, the general factors MD and FA accounted for 40% and 27% of the variance among tracts, respectively. A similar level of variance was explained in the control group. Factor loadings of each tract are given in Supplementary Table 2 . An image illustrating whole brain white matter tractography from a representative patient along with a group map illustrating two tracts (the genu and splenium of corpus callosum) is shown in Figure 1 .
Comparing MD and FA to healthy controls MD was significantly higher in all tracts (p < 0.0001 for all tracts) in SLE patients versus controls (Table 2) . FA was significantly higher in SLE patients than controls in the genu (p < 0.0001) and left corticospinal tract (p < 0.0001), and Table 2 ). The expected increase in MD and decrease in FA with age appeared accelerated in SLE patients versus controls ( Figure 2) . However, the patients' and controls' regression slopes (for both MD and FA) did not differ when tested via an interaction term in a linear regression model.
Fatigue
Fatigue in SLE was significantly higher than the expected normal range 18 (5.0 AE 1.7 versus 2.3 AE 0.7, p < 0.0001). Fatigue was non-significantly negatively correlated with age (r ¼ -0.24, p ¼ 0.09) (Supplementary Table 3 In the univariate analysis, higher fatigue was associated with higher depression Tables 3 and 4) . Except vWF (RCOF), all associations remained after adjusting for age only. Except vWF (RCOF) and IFN all associations remained after adjusting for age, disease duration and steroids (Table 3) .
Cognitive function
One patient was excluded from the analysis of cognitive results as English was not his first language. On average, patients met the minimum levels The first row shows maps of whole brain white matter structure from a representative patient. White matter tracts running predominantly anterior/posterior are coloured green, superior/inferior blue and right/left red. The second row shows group maps (all patients superimposed on each other) of two major tracts, the genu and splenium of corpus callosum for all 47 patients. Note the close correspondence of these tracts, indicated by the lighter red/yellow colours, which allows the integrity of the same structure to be measured across the cohort.
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Figure 2
General factors for (a) mean diffusivity and (b) fractional anisotropy in relation to age among SLE patients and healthy controls. Tables 3 and 4) . Except MD, all associations remained after adjusting for age (Table 3) . After adjusting for age, disease duration, steroids and NART, only higher IL-6 (ß ¼ À0.15, p ¼ 0.02) remained independently and significantly associated with poorer cognitive function (Table 3) .
Literature review and meta-analysis
The search uncovered 19 papers of which 10 were excluded as not relevant (no measure of MD or FA in SLE or NPSLE). We meta-analysed results in three groups: (1) SLE versus healthy controls, (2) NPSLE versus healthy controls and (3) SLE versus NPSLE. Nine [8] [9] [10] [11] [12] [13] [14] [15] [16] prior studies were reviewed (n ¼ 214 patients; n ¼ 24 average per study) and added to the current study for meta-analysis (Table 4 and Supplementary Figures 1-4) . Four studies [9] [10] [11] [12] did not provide data to permit inclusion in the forest plots and are summarised with the other studies in Table 4 only.
In general, among most tracts, MD was significantly increased (standardised mean difference (SMD) 1.07 (95% CI, 0.62 to 1.52)) and FA non-significantly reduced (SMD À 0.16 (À0.48 to 0.17)) in SLE patients versus healthy controls ( Supplementary Figures 1 and 2) . A similar pattern was seen in NPSLE versus healthy controls. Data comparing SLE to NPSLE were limited: only one study 11 provided data on MD, and whereas three studies 8,9,11 reported on FA, there were no data suitable for pooling although the general observation was little difference in water diffusion measures between SLE and NPSLE (Table 4) .
Discussion
The main findings in the present study, the largest to date on DT-MRI in SLE adding $25% more to the total available data and the only one to use quantitative tractography, were that: (i) MD was higher in eight major white matter tracts in SLE versus healthy controls but the MD levels did not account for either fatigue or cognitive function in adjusted analyses; (ii) fatigue in patients was higher than a normal reference range and (iii) patients with SLE had poorer current cognitive function which was independently associated with higher levels of the pro-inflammatory biomarker IL-6. The direction of the regression slopes relating MD (rising) and FA (declining) with age were as expected but steeper in SLE patients versus controls, indicating accelerated decline in white matter microstructure with age. However, when we tested the slopes using an interaction term in a linear regression model there was no significant difference between patients and controls and a larger sample will be needed to confirm a modest difference in accelerated ageing. Nonetheless, significantly higher MD levels were found in all white matter tracts in patients versus controls which is in accordance with prior literature. This indicates a diffuse increase in brain water mobility in SLE, possibly indicating a subtle decline in white matter microstructural integrity. We recently demonstrated increased stroke risk in SLE versus the general population with greatest risk in those < 50 years; 2 again possibly indicative of accelerated ageing.
In SLE, higher fatigue was associated with lower MD, although this likely reflects higher fatigue scores being more common in younger participants. A much larger study will be required to determine if fatigue in SLE is associated with reduced MD levels for a given age. Higher fatigue was also associated with lower IFN, lower vWF (fVIIIc and RCOF) and approached significance with higher CRP.
Higher levels of fatigue were associated with higher BMI in the current study and has been established previously. 32 Higher levels of fatigue were also associated with lower levels of endothelial dysfunction (vWF). The plasma marker that had the highest association with fatigue was IFN, independent of age, although the direction was unexpected. Fatigue is a common side effect of IFN therapy; meanwhile, prior studies of endogenous IFN in SLE did not show associations with fatigue. 33, 34 Lower levels of current cognitive function were associated with longer SLE disease duration and higher MD, and between 10% and 38% of patients had cognitive test scores indicating clinical levels of cognitive impairment. Our finding that lower levels of cognitive function were associated with higher MD is in agreement with Bosma et al. 35 who examined 24 patients diagnosed with NPSLE. Bosma and colleagues also correlated lower levels of neurological functioning (essentially motor skills) with higher levels of magnetization transfer MRI parameters.
Poorer current cognitive function was also associated with higher levels of the pro-inflammatory cytokine IL-6, independent of age and prior cognitive abilities. The PROSPER 36 study (randomised controlled trial; n ¼ 5,653) associated higher IL-6 with worse executive function (p < 0.001), independent of age. At follow-up (mean 39 months), higher IL-6 was independently associated with an increased rate of cognitive decline in both executive function (p ¼ 0.002) and memory (p ¼ 0.002). 36 The mean age of participants in the PROSPER study was 75 years, considerably older than the mean age of participants in the current study, yet the similarity in findings could indicate that SLE patients are experiencing aged-related effects on the brain at younger ages. The PROSPER study corrected for educational level but not premorbid intelligence using NART.
In contrast to the findings of Nishimura et al. (n ¼ 43 steroid-naı¨ve SLE patients), 37 we did not find an association between current cognitive impairment and SLE activity (in univariate analysis or after correcting for steroid use), possibly due to different measures of psychological assessment used between studies. Other variables associated with cognitive function on univariate analysis became nonsignificant when NART was added to the regression models. Current cognitive impairment is thus mostly explained by premorbid IQ, although inflammation also plays a role.
Strengths of the present study include use of a continuum of fatigue and cognitive scores rather than dichotomised data, the 32 diffusion-encoding gradient directions in the DT-MRI exam which increases the precision of the imaging data, a large sample size relative to existing DT-MRI studies (although we note our sample is still small, limiting study power) in SLE and use of quantitative tractography rather than 'region of interest' or 'voxel-based' methods. PNT has the advantage that it segments tracts automatically in native space, avoiding brain distortion by use of registration to standard space and thereby providing objective measures of tract microstructure that can be correlated with phenotypic data. Additionally, our study did not solely focus on patients that were neurologically symptomatic or diagnosed with NPSLE but instead included a range of SLE patients making our findings relevant to the wider SLE patient population. In the multiple linear regression models we corrected for age, disease duration, and where current cognitive function was the outcome, NART, to adjust for an inferred prior (peak) IQ, but had limited power to adjust for other variables.
The study also had weaknesses. Although being larger than all prior studies and adding 25% more data to the available literature, the sample size limited statistical testing and, although we report all results for transparency, we urge caution in the interpretation and confirmation in larger studies. We did not assess reaction times, information processing speeds or motor skills and so are unable to comment on these aspects of neurological function. Although subjects were asked to consider their fatigue over the prior week, they were seen at different times of the day and this could have impacted the self-reported fatigue scores via diurnal variation.
The main observation from the literature review and meta-analysis (increased MD and decreased FA in SLE versus controls) was in agreement with findings in this study. Studies of other inflammatory autoimmune diseases show a similar pattern of findings, for example, in Sjo¨gren Syndrome (n ¼ 19; method ¼ TBSS) there was increased MD and decreased FA in several tracts compared to controls. 38 
Conclusion
Patients with SLE have more microstructural brain white matter damage for age than the general population, but this does not explain increased fatigue or lower cognition in SLE. Worse current cognitive function in SLE is related to lower prior cognitive ability although inflammation also plays a detrimental role and the association with raised IL-6 should be explored in larger datasets.
